Abstract
Introduction

Technetium (
99 Tc) is a long-lived (t 1=2 ¼ 2:13 Â 10 5 years) nuclear fission product that has entered surface and groundwaters as a result of atmospheric nuclear testing, and disposal of medical and defense nuclear waste. During spent nuclear fuel reprocessing, 99 Tc(IV)O 2 is solubilized and oxidized to the pertechnetate anion [Tc(VII)O À 4 ], which is stable under oxidizing conditions [1, 2] . Considered an undesirable radiogenic product of Pu production, pertechnetate was concentrated in stored, high-level wastes (where much of it exists today), and was also released to cribs and disposal trenches at numerous locations throughout the world as part of low-level waste streams.
The environmental geochemistry of Tc is assumed to be dominated by the IV (TcO 2þ ) and VII (TcO À 4 ) oxidation states. The VI, V and III oxidation states are known to exist, but VI and V are generally unstable and disproportionate [3] and the III state requires extremely low redox potentials [4] . The pertechnetate ion (TcO À 4 ) is highly soluble and is not known to form significant aqueous complexes or discrete concentration-limiting solid phases under environmental conditions. The adsorption of an anion, such as TcO À 4 , is very low to 0 under circumneutral and basic pH conditions, generally increasing with decreasing pH and at pH values <5. Thus, TcO À 4 is believed to be the principal mobile form of Tc in oxic groundwaters and its removal constitutes a major cleanup challenge at defense nuclear sites in the United States, such as the Hanford and Savanah River sites where Tc subsurface plumes have resulted from disposal of nuclear waste. In contrast, Tc(IV) readily precipitates as an insoluble hydrous oxide unless complexed [2, 5, 6] . Conversion of Tc(VII)O À 4 to Tc(IV)O 2 therefore offers a potential mechanism for immobilizing Tc in the subsurface at these sites and microbial processes operating under reducing conditions (natural or created) in groundwaters may provide a viable way to effect this conversion in situ.
The role of microorganisms in influencing the behavior of Tc in groundwaters low in dissolved O 2 has been inferred largely from laboratory studies that demonstrate direct reduction of Tc(VII) through enzymatic processes carried out by Fe [7] [8] [9] or S [10, 11] reducing organisms or indirectly by Fe(II) and S À associated with synthetic minerals [12] , biogenic reduction products [13] [14] [15] , or natural geologic materials [16, 17] . Direct and indirect processes offer potential for attenuation of mobile Tc(VII) in groundwaters. A single closed loop study of Tc(VII) behavior in groundwater with an Eh below )150 mV indicated rapid removal of Tc(VII) relative to non-sorbing tracers [18] . However, little is known of the behavior of Tc in natural sediments, where the relative influence of direct and indirect Tc reduction mechanisms will be markedly influenced by complex, often interdependent factors such as the nature of the microbial population, the type and concentration of electron donors [9] , the presence of inorganic [6, 9] and organic [19] complexing agents, and the properties of the aqueous and solid phases [20] .
To provide insights into the factors controlling Tc behavior in natural sediments, and as an initial step in assessing the potential for use of in situ biological approaches for immobilization, the reduction of Tc(VII) was measured in weakly indurated late Pleistocene sediments sampled from a shallow aquifer low in dissolved O 2 and located on the United States Atlantic Coastal Plain. The sandy aquifer was the site of an interdisciplinary field study by the US Department of Energy (DOE) to examine bacterial transport phenomena in relation to sediment hydrogeochemical processes and therefore offered a unique opportunity to examine Tc behavior in sediments sampled from a highly characterized aquifer system. Sedimentary deposits at this site are relevant to DOE and other sites where Tc contamination is present in granular unconsolidated sediments containing Fe(III) oxides and exhibiting metal reduction potential. The vertical heterogeneity in sediment silt, clay and organic matter content and Fe composition allowed examination of the role of these properties in Tc(VII) reduction. The rate and extent of Tc(VII) reduction were therefore examined in the context of groundwater chemistry and microbiology, and the vertical differences in the concentrations of potential electron donors, sediment physicochemical properties and microbial Fe(III) reduction potential (MIRP). Thermodynamic calculations and X-ray absorption spectroscopy were used to establish the dominant reduction mechanisms, constraints on Tc solubility, and the oxidation state and speciation of sediment reduction products.
Materials and methods
Sediment geology and sampling
Sediments were sampled from a US Department of Energy bacterial transport research site on the Atlantic Coastal Plain near Oyster, Virginia. The site is underlain by weakly indurated Late Pleistocene sediments of the Wachapreague Formation that were deposited in a marginal marine environment [21] . In the South Oyster Focus Area where the sediments in this study were sampled, the Wachapreague Formation is composed of repetitive deposits of prograding shoreface sand intercalated with buried lagoonal peats which were deposited in a back-bay system. The sediments consist of both horizontally stratified shoreface sands and cross-stratified bar deposits with poorly sorted to well sorted fine and medium sands, gravelly sands and peats. Below the Wachapregue Formation at a depth of approximately 8 m, the muddy sands of the Pliocene Yorktown Formation serve as an aquitard for the site. The depth to groundwater ranges from 2 to 3 m below ground surface and hydraulic conductivity in the different lithofacies has been shown to reflect differences in packing and sorting during the depositional process and the precipitation of Fe oxyhydroxides on silicate mineral surfaces [21] .
Rotosonic drilling [22] was used to obtain sediments below the water table over a depth of 2.4-8.6 m in five boreholes to examine the distribution of microbial iron reduction potential (MIRP) in relation to sediment properties. Sediment cores were cut and capped in the field and shipped (under argon at 4°C) to the laboratory where they were segmented into 15-cm intervals in an anaerobic glove box and placed in glass jars, sparged with N 2 , sealed, and stored at 4°C for analyses. A subset of these sediments from two of the boreholes (31 samples representing a vertical continuum over the depth range 239-879 cm) was selected to measure Tc reduction in relation to sediment properties and MIRP.
Sediment physicochemical properties
Sediment Fe composition was determined using two extraction techniques [23] . Sediment of known wet wt (1-2 g) was added to 10 ml of 0.5 N HCl in a polystyrene tube, equilibrated with shaking (150 rpm gyratory) for 15 min at room temperature and the filtrate (<0.2 lm) analyzed for Fe(II) using the ferrozine assay [24] . Total Fe was measured as Fe(II) after Fe(III) reduction by NH 2 OH. A second subsample of sediment (1-2 g wet weight) was equilibrated on a shaker (150 rpm gyratory) with a citrate/dithionite mixture (10 ml of 0.2 M sodium citrate/0.35 M acetic acid, pH 4.8, plus 0.5 g of sodium dithionite) to obtain complete extraction of reducible (including crystalline) Fe(III) oxides [25] and Fe(II) determined using the ferrozine assay. Total Fe(III) oxide was determined as the difference between total Fe in the citrate/dithionite extract and Fe(II) in the 0.5 M HCl extract. Amorphous Fe(III) oxide was determined from the difference between total Fe and Fe(II) in the 0.5 M HCl extracts.
Sediment organic matter content was determined by weight loss on ignition as described by Nelson and Sommers [26] . Sediment hydraulic conductivity was measured [28] on sediment plugs (2.5 Â 13 cm) removed at intervals along the cores. Particle size distribution was determined as described by ASTM [27] . Based on the particle size distribution, the sediments were classified according to the standard system developed by Folk [29] . The results of all sediment analyses are expressed on a sediment dry weight basis.
Groundwater chemistry and microbiology
A well (5 cm) developed after sediment coring had been completed was used for groundwater measurements using a multilevel water sampler (MLS). The well was screened over the interval 210-810 cm and an MLS designed to sample groundwater at five locations with depth (239, 319, 408, 635, and 805 cm) over the same 15-cm intervals that the sediments were sampled. After the well was purged to stable pH, conductivity, turbidity, and dissolved O 2 (DO), the MLS was inserted and each sampling chamber also purged (peristaltic pumping) until stabilized. Water samples (150 ml) were then withdrawn for chemical analyses and treated in the field as follows: anions, syringe filtered (<0.2 lm); cations, syringe filtered, acidified (pH < 2, HNO 3 ); NO and total organic C, acidified (pH < 2, H 2 SO 4 ); S 2À (pH >12, NaOH), precipitated with Zn acetate); Fe(III)/ Fe(II), dissolved organic C (DOC) cooled to 4°C only. All samples were shipped to the laboratory in sealed bottles at 4°C. Water analyses were conducted by Huffman Laboratories, Inc. Golden, CO USA.
The presence of anaerobic iron-related (IRB) and sulfur-reducing bacteria (SRB) were determined (BART TM , Hach Company, Loveland, CO) in the waters sampled by MLS at the five sediment intervals selected for chemical analyses (above). Microbial populations are estimated based on reaction pattern signatures and time lag to reaction in water samples supplied with nutrients and the appropriate electron acceptors (http://www.dbi.ca). The detection limit is 100 CFU ml À1 . Water samples were taken as described for chemical analyses, placed in glass vials, sealed and shipped to the laboratory at 4°C for analysis. A more extensive network of six wells screened over the interval 200-800 cm were analyzed seasonally for the presence of IRB and SRB and the results were consistent with analyses of wells sampled by MLS in the current studies. (20 ml) and sealed with thick butyl rubber stopper. The PIPES solution (1.5 ml) and the 99 Tc PIPES solution (0.5 ml) were injected into replicate vials containing sediment by penetrating the stopper with a needle and syringe and the mixture incubated for periods up to17 days at ambient temperature (30°C) with gyratory shaking (100 rpm). Some experiments were terminated earlier if overall reduction rates were evident. At predetermined times, the entire sediment in the vials was filtered and the 99 Tc concentration in the filtrate determined by liquid scintillation counting (0.292 MeV beta). The minimum detection level of Tc using these methods was approximately 10 À8 M.
Technetium reduction
Technetium oxidation state
X-ray absorption spectroscopy was utilized to measure Tc oxidation state in selected sediments exhibiting complete Tc(VII) reduction and a range in Fe(II) and organic C concentrations. Sediments were transferred into a Teflon tube and sealed under anaerobic conditions. The sealed tubes were placed in secondary and tertiary containment cells and X-ray absorption analyses conducted in a nitrogen glove bag to inhibit oxidation during collection of absorption spectra at the Stanford Synchrotron Radiation Laboratory as described by Wildung et al. [9] .
Thermodynamic calculations
Equilibrium thermodynamic calculations were conducted in conjunction with Tc(VII) reduction experiments and analyses of Tc aqueous and solid phases to establish solubility, pH and Eh limits on Tc reduction products and potential mobility under groundwater conditions. The MINTEQA2 (Version 3.11) geochemical reaction code [30] was used to calculate (1) aqueous speciation, saturation indices, and solubility of dissolved Tc and (2) Ò is a registered trademark of the University of Illinois and the software is distributed by Rockware Earth Science Software, Golden, CO. The thermodynamic calculations were completed using a concentration of 500 lM total dissolved Tc, which is the initial Tc solution concentration used in the sediment reduction experiments, and the composition of the groundwater associated with sediments at the 805-cm interval ( Table 2 ). The thermodynamic databases for MINTEQA2 and The Geochemist's Workbench were supplemented with Tc thermodynamic constants modified from Rard et al. [2] to calculate aqueous Tc speciation and solubility.
Microbial iron reduction potential
The MIRP was estimated as described by Roden and Urrutia [23] . Sediment (100 g wet wt.) was combined with 50 ml sulfate-free anaerobic artificial groundwater [31] containing PIPES (10 mM, pH 6.8), 3 mM Na lactate, 3 mM Na acetate, 0.5 mM NH 4 Cl, 0.05 mM KH 2 PO 4 , and vitamins and trace elements. The MIRP was taken as the 0.5 M HCl extractable Fe(II) content of the slurry (based on the dry weight of the sediment added) after long-term (250 days) anaerobic incubation minus the initial 0.5 M HCl extractable Fe(II) measured at the beginning of the incubation. Autoclaved sediments were not found to exhibit Fe(III) reduction.
Statistical analyses
Classical statistical and machine learning methods were explored to determine the hydrogeological and/or geochemical variables that were most valuable in discriminating between samples differing in Tc(VII) reduction [32] [33] [34] [35] . In addition, multiple linear regression with stepwise variable selection [32] was used to establish the relationship between Tc reduction and other measured variables. Linear discriminant analysis and multiple linear regression were conducted using the commercial statistical software package, SYSTAT 10. 
Results
Sediment and groundwater properties
The sediments selected for these investigations differed in depositional history and varied markedly in properties expected to influence Tc reduction and sorption and microbial reduction potential, including particle size distribution and organic matter content (Table 1 ) and reactive Fe abundance and speciation ( Fig. 1(d)-(f) ). Eight general sediment types were distinguished based on particle size distribution and organic matter content (Fig. 1 ). The sediments with highest organic matter content (65-298 mg g À1 organic matter compared to <33 mg organic matter g À1 for the other sediments examined) generally contained visible plant fragments and were clearly peats deposited in la- goonal marshes and subsequently buried by sand washover. The finer textured sediments with lower organic matter content may have originated in a similar manner although some of the silts and clays are likely of marine origin.
The chemistry (selected elements) and microbiology of the groundwater at five intervals sampled using the MLS are summarized in Table 2 . Noteworthy, groundwaters did not reflect strongly the high variability in sediment physicochemical properties; e.g., groundwater associated with the buried peats (408-cm interval) did not contain elevated concentrations of total or dissolved organic C. The presence of Fe(III) in groundwaters from the 408 and 805 intervals (Table 2) could reflect a lower Eh condition or some degree of aqueous complexation capacity which in the case of (Table 1) were classified [29] according to particle size distribution (S, sand; s, silt; m, mud). O, denotes organically enriched buried peats. The vertical dotted line (b) indicates the minimum ratio [3 lmol Fe(II)/lmol Tc(VII)] required to reduce 100% of added Tc(VII) to Tc(IV). The intervals at 239-319 and 665-804 cm represent zones in which hypothetical Tc(VII) contamination would be expected to be mobile (a,c) and perhaps amenable to in situ bioremediation based on microbial Fe(III) reduction (f).
sediments at the 408-cm level may help explain anomalies in measured Tc(VII) reduction (see below). The waters were slightly acidic and did not contain detectable quantities of S 2À , a potential Tc(VII) reductant. The IRB (Table 2) were present in waters at all intervals but activity was significantly less in water associated with the buried peat. The SRB were detected only at the 239-cm interval. The IRB were consistently detected in waters from other wells screened over the entire sediment sampling interval and sampled monthly over a 1-year period. The SRB were detected less frequently and not in all wells.
Technetium reduction in sediments with different properties
Technetium reduction as measured by the loss of Tc(VII) from solution varied markedly with depth and sediment type, ranging from 0% to 100% after 10 days of equilibration ( Fig. 1(a) ). The initial concentration of Tc varied depending on sediment water content. Therefore, in addition to the percentage Tc reduced after 10 days, The sediments could be categorized according to the rate and extent of Tc(VII) reduction. Reduction was lowest (<13%) generally in sediments classified as sands (>90% sand) located at the surface of the aquifer (239-319 cm), over a narrow (15 cm) interval beginning at 376 cm and in an interval (713-775 cm) above the Yorkshire formation ( Fig. 1(a) ). The concentration of extractable Fe(II) was <1.4 lmol g À1 at these locations, but Fe(III) concentrations were among the highest of the sediments examined, ranging from 2 to 51.8 lmol g À1 (Fig. 1(d and  e) ). The extremely low rate of Tc(VII) reduction in these sediments ( Fig. 2(a) ) approximated that previously observed in vitro [36] in the presence of soluble Fe(II) at circumneutral pH values. Representative Tc(VII) reduction rates for sediments differing in extent of reduction after 10 days ( Fig. 1(a) ). The reduction rate of sediment at interval 805 cm was typical of sediments with Fe(II)/Tc(VII) added >4.3. Sediments at intervals 319 and 635 cm are representative of the four (of 31) sediments with insufficient Fe(II) to account for Tc(VII) reduction observed, implicating direct enzymatic reduction.
The highest Tc(VII) reduction (80-100%, Fig. 1(a) ) occurred generally in three zones (319-361, 393-665, and 805-879 cm bgs) which were principally finer textured (sandy silts, silty sands, sandy muds, muddy sands) with Fe(II) concentrations ranging from 7 to 134 lmol g À1 ( Fig. 1(e) ) and Fe(II)/Tc(VII) ratios ( Fig. 1(b) ) ranging from 0.4 to 105. The rate of reduction in these sediments was extremely rapid (Fig. 2(c) ), typical of surface-mediated reduction reactions. There were four sediments in these zones that exhibited intermediate reduction rates (Figs. 1(a) and 2(b) ), including a sand at 485 cm that contained Fe(II) sufficient (1 lmol g À1 ) to account for the 44% reduction observed (Fig. 1(b) and (e)) and three organically enriched (145-298 mg organic matter g À1 ) sediments (interval 393-453 cm) that exhibited intermediate Tc(VII) reduction (32-80%) even though Fe(II) was present ( Fig. 1(b) and (e)) in large excess (26-55 lmol g À1 ). This latter phenomena may relate to complexation of the Tc(IV) as discussed below. Four sediments (intervals 319, 620 and 635, and 680 cm) exhibited Tc reduction ( Fig. 1(a) and (b)) in excess of that which could be accounted for by Fe(II) suggesting that direct microbial reduction may have been a factor (discussed below).
The hydraulic conductivity, K (Fig. 1(c) ), was generally highest in the sands (>1.6 Â 10 À5 cm s À1 ) and lowest in the finer textured sediments (sandy muds and muddy sands) as expected. In sediment regions exhibiting K values >Â10 À5 cm s À1 where highest groundwater velocity would be expected, one interval (485-665 cm) exhibited Tc(VII) reduction >44% ( Fig. 1(a) ) suggesting that Tc(VII) mobility would be generally attenuated due to reduction mechanisms. However, two other intervals (239-319 and 698-775 cm) and several sandy sediments interspersed between regions of high Tc(VII) reduction exhibited <13% Tc(VII) reduction ( Fig. 1(a) ) indicating that Tc(VII) would be highly mobile at these locations.
The rate constant (obtained from a fit of the data to an exponential decay function) and extent (% reduction after 10 days equilibration) of reduction could not be explained on the basis of a single sediment property or group of properties when all sediments and sediment properties (Table 1, Figs. 1 and 2) were considered through simple correlation, stepwise regression, and principal component analysis. As discussed below, this reflects the heterogeneity of this sediment system and differences in the influence of sediment properties on dominant reduction mechanisms and Tc solubility. Examples of this heterogeneity include the large excess of Fe(II) relative to that required for complete Tc(VII) reduction in some sediments ( Fig. 1(b) ), the potential influence of direct microbial reduction in sediments with insufficient Fe(II) to effect complete Tc(VII) reduction (intervals 319, 620 and 635, and 680 cm), and the unique contribution of other sediment properties that may influence Fe(II) form and reactivity [e.g., sediment at 790 cm that exhibited only 7% Tc(VII) reduction ( Fig. 1(a) ) in the presence of a large excess (Fig. 1(b) ) of Fe(II)] and the solubility of reduced Tc (e.g., intervals 393-453 cm).
Machine learning methods were applied in order to examine the properties of sediment samples with low and high Tc reduction. A threshold of 4.2 for Fe(II) concentration was found in the development of the classification rules and decision trees using these methods. This threshold value splits the sediments into two subgroups, one subgroup with an Fe(II)/Tc >4.3 and the second with an Fe(II)/Tc ratio <1.1, which fall on either side of the minimum ratio of 3 required for complete Tc reduction.
Technetium oxidation state and form
To determine the end state of Tc reduction, XAS was applied to selected sediments exhibiting 100% Tc ( amplitudes and frequencies indicating that the structure is the same in all the sediments analyzed. The Fourier transforms of the EXAFS (Fig. 3 ) reflect this observation and indicate the formation of a Tc oxide consisting of a first coordination shell of six oxygen atoms at 2.00 A, a second shell with 1 Tc atom at 2.56 A, and a third shell consisting of several Tc atoms distributed between 3.2 and 3.5
A. This structure compares closely with the structure of highly insoluble TcO 2ðamÞ observed in Tc(VII) microbial dissimilatory reduction [9] . An exception is the appearance of the third coordination shell consisting of Tc atoms which indicates a higher degree of crystallinity or long range order in the nominally TcO 2ðamÞ structure.
Discussion
Technetium solubility and reduction products
The TcO À 4 ion is highly soluble and is not known to form significant aqueous complexes or discrete concentration-limiting solid phases. Thus, the marked decreases in Tc(VII) solubility (Fig. 1) were strong evidence of the formation of the Tc(IV) hydrous oxide. In the absence of strong complexing agents and sulfide [S(-II)], Tc(IV) hydrous oxide represents the dominant Tc reduction product (log 10 K s , )37.8) [2] limiting the total aqueous concentration of Tc(IV) at 10 À8 -10 À9 M in aqueous systems [2, 5, 6] . This concentration range is within an order of magnitude of the minimum detection level for Tc in the current studies (Section 2.2). However, in the presence of strong complexing agents, the intermediate oxidation states, Tc(VI) and Tc(V), are theoretically possible [2] . The application of XAS to selected sediments differing markedly in physicochemical properties verified that Tc(IV) hydrous oxide was the principal reduction product and there was no evidence of S in association with reduced Tc. Previous studies, in vitro, have indicated that the principal product of Tc(VII) reduction by direct enzymatic pathways [9] and by biogenic magnetite [13] was a low solubility Tc(IV) oxide. When all the sediments were considered, there was no correlation of Tc reduction [measured by a decrease in the aqueous (<0.2 lm) Tc(VII) concentration] with particle size distribution, further suggesting that the solubility of the reduction product was controlled by a limited-solubility precipitate rather than a surface-area related sorption mechanism. Organic complexation of Tc(IV) and the potential effects on measured Tc solubility in organically enriched sediments is discussed below.
The Eh-pH diagram for the predicted stability fields for the dominant Tc aqueous species and the region where TcO 2 Á 1.6H 2 O ðamÞ is thermodynamically oversaturated and thus likely to precipitate at pH 6.9 is shown in Fig. 4 . Under oxidizing conditions, TcO À 4 is the dominant Tc(VII) species across the entire pH range. However, under reducing conditions, the predicted EhpH region of oversaturation exists nearly over the entire pH region as defined by the area enclosed by the two thick solid lines and the thin dashed line for the H 2 O/H 2 equilibrium. The thick dashed lines define the stability boundaries for the dominant Tc aqueous species. In the Eh-pH region where TcO 2 Á 1.6H 2 O ðamÞ is oversaturated, the dominant Tc(IV) aqueous species is calculated to be TcO(OH) 2°ðaqÞ . The thick bar symbols at pH 6.9 indicate the relative Eh positions for the NO Diagram was calculated at 25°C and 500 lM total dissolved technetium using thermodynamic data from Rard et al. [2] . The thick bar symbols plotted near the center of the figure at pH 6.9 indicate Eh values of the stability boundaries for key redox couples. The thick dashed lines define the stability boundaries for the dominant Tc aqueous species.
Role of ferrous iron in technetium reduction
There is strong evidence that Fe(II) was the principal inorganic electron donor in these systems. Several observations suggest that dissolved S(-II), the only other inorganic electron donors likely to play a role in Tc(VII) reduction in these systems, were not involved substantially in Tc(VII) reduction. First, the XAS analyses (Sections 3.3, 4.1) indicated that S was not associated with the Tc(IV) reduction product (Fig. 3) . Other studies have indicated that the reduction product will contain S if S(-II) was involved in reduction. The reaction of Tc(VII) with mackinawite (FeS), a sulfide mineral formed under reducing conditions [37] , resulted in a TcS 2 -like solid. Also, the sulfate-reducing bacterium Desulfovibrio desulfuricans also precipitated Tc as an insoluble Tc 2 S 7 phase [38] . Secondly, SO 2À 4 was present in groundwaters at concentrations ranging from 36 to 78 mg L À1 (Table 2 ), but S(-II) was not detected suggesting that SO 2À 4 reduction was not a dominant process. There is also direct evidence that Fe(II) was the dominant inorganic electron donor. Of the 31 sediments examined, 27 contained sufficient Fe(II) to account for the Tc reduction measured, i.e., sufficient to provide the three electrons necessary to reduce Tc(VII) to Tc (IV). Of the 15 sediments that exhibited >80% Tc(VII) reduction, 12 sediments had Fe(II)/Tc(VII) ratios of >4.3 compared to ratios of <1.1 for 13 of the 16 sediments exhibiting less than 80% reduction (Fig. 1) . The sediments investigated did not contain Fe(II) in concentrations that would allow evaluation over the Fe(II)/Tc(VII) range of 1-3.
Reduction of Tc(VII) in these sediments may have occurred by a combination of direct enzymatic reduction and Fe(II) reduction processes but the kinetics of Tc(VII) reduction in vitro offer insights into the dominant reaction mechanism and further implicate Fe(II) as an electron donor for Tc reduction. Direct Tc(VII) reduction by Shewanella and Geobacter sp., when supplied with simple organic acids as electron donors under nongrowth conditions [9, 13] , was relatively slow amounting to less than 30% reduction after 30 h. In contrast, the reduction rates for the 15 sediments with >80% Tc(VII) reduction were in the moderate and rapid reduction rate categories identified in Fig. 2(b) and (c) . Furthermore, in the 11 sediments exhibiting 100% Tc(VII) reduction and containing sufficient Fe(II) to effect complete reduction (Fig. 1) , the reduction process was rapid (e.g., interval 805 cm, Fig. 2(c) ) and typically faster than that observed by Cui and Eriksen [16, 36] for Fe(II) sorbed on untreated reaction vessels and quartz and in Fe(II) bearing fracture materials. The sediment Tc(VII) reduction rate was intermediate between that observed by Lloyd et al. [13] for surface-mediated microbial reduction of Tc(VII) by biogenic magnetite alone and in the presence of an electron shuttle, suggesting that the sediment Fe(II) was either more reactive than the biogenic magnetite synthesized in vitro and/or that electron shuttles may have played a role in sediment Tc(VII) reduction processes. Regardless of the mechanism, the reduction kinetics suggest that surface-mediated Fe(II) reduction of Tc(VII) would dominate in the sediment systems if 0.5 M HCl-extractable Fe(II) is present in stoichiometric excess. When all the sediments (n ¼ 31) were considered, the concentration of Fe(II) was correlated with clay content (q ¼ 0:84). Although the correlation was due largely to sediments with 10% or more clay content, the results suggest that a significant fraction of Fe(II) was associated with clay minerals in these sediments.
Pertechnetate is known to be heterogeneously reduced by certain Fe(II)-containing mineral solids, including Fe(OH) 2 , chlorite, and magnetite [16, 36, 39] . The product(s) of TcO À 4 reduction were not identified by these investigators but was assumed to be TcO 2 Á nH 2 O, which is consistent with the results of the XAS measurements (Fig. 3) . The composition of the reduction products may however be much more complex with the possible formation of mixed phases or co-precipitates on the solid surface as a result of a heterogeneous reaction that co-evolves Fe(III):
Reductive sorption shows dependence on surface area, implying a surface-mediated heterogeneous reduction. Under such conditions, sorption exhibits time dependence on the order of days [40] , is influenced by ligands capable of complexing Tc(IV) and not Tc(VII) [41] , redox disequilibria between the aqueous and solid phase [e.g., Tc(VII) ðaqÞ and Tc(IV) ðsÞ ], and minimal reversibility [40] . These factors cannot be independently evaluated in whole sediments where, e.g., the influence of surfaceassociated biogenic Fe(II) has yet to be fully elucidated [20, 42, 43] , but they may be expected to play a role in influencing the rate and extent of Tc reduction and sorption determined in the current investigations. For example, in organically enriched sediments over the depth interval 393-468 cm, large stoichiometric excesses in Fe(II) did not result in complete reduction of Tc(VII), as measured by a decrease in solubility of Tc(VII), suggesting that Fe(II) was less reactive or accessible and/ or that the formation of soluble organic complexes with Tc(IV) resulted in an underestimation of Tc reduction. The presence of complexing agents in the sediments is supported by the presence of soluble Fe(III) in the groundwaters associated with these sediments (Table 2) . Humic acid extracted from groundwaters has been shown to form both soluble and insoluble reduced Tc complexes [19] ; the concentration of TcO 2 Á nH 2 O ðsÞ formed during reduction increased as the concentration of humic acid in solution was decreased [44] .
Potential role of direct reduction
Direct microbial reduction may have been responsible for Tc(VII) reduction in at least the four sediments (intervals 319, 620, 635, and 680 cm) in which reduction could not be accounted for on the basis of Fe(II) concentration alone (Fig. 1(a) and (b) ). These sediments exhibited 47-100% Tc reduction ( Fig. 1(a) ) and were among the highest in MIRP, ranging from 3.6 to 15.2 lmol Fe(II) g À1 ( Fig. 1(f) ). The kinetics of Tc(VII) reduction for these sediments (Fig. 2) ranged from moderate (interval 680 cm, Fig. 2(b) ) to rapid (intervals 319 and 635 cm, Fig. 2(b) ) implying, at least in the later case, that direct enzymatic reduction was not the sole reaction mechanism, as discussed in Section 4.2. The lack of S À in the groundwaters associated with these sediments (Table 2) in conjunction with the relatively high MIRP values (one indication of direct reduction potential) suggests that direct microbial reduction may have been responsible for that portion of Tc(VII) reduction (>60%) that could not be accounted for on the basis of Fe(II) concentration.
Although it cannot be assumed that there is a direct relationship between MIRP (Fig. 1(f) ) and direct Tc reduction, Tc(VII) is a potential electron acceptor and in that context is analogous to Fe(III) in the MIRP test. The Tc(VII) is supplied in soluble form that is likely more available for direct reduction than Fe(III) which is largely associated with the solid phase. The organic electron donors were not supplied as in the case of the MIRP measurement but in all the sediments examined, organic matter (Table 1) and soluble organic C (Table 2) were likely present in sufficient quantity to provide the necessary electron donors if even a small fraction (<8 lmol g À1 based on initial Tc concentrations of 1-2.5 lmol g À1 and a three-electron/mol requirement for complete reduction) was in a form (e.g., lactate, acetate) available for use by metal reducing bacteria. Thus, MIRP might be considered a conservative estimate of Tc direct reduction potential in sediments in which Fe(II) concentration was insufficient to account for the Tc(VII) reduction observed (4 of the 31 sediments investigated) or in sediments with low Fe(II) concentrations. A stepwise regression approach was used to evaluate the possibility of direct Tc(VII) reduction in sediments with Fe(II)/Tc(VII) less than required for complete reduction ( Fig. 1(a) and (b) ) and identified based on the application of machine learning methods (above). The sediments in this category (n ¼ 16) exhibited Fe(II)/Tc(VII) ratios <1.1, Tc(VII) reduction rates ranging from low to high (Fig. 2) , and total Tc reduction ( Fig. 1(a) ) ranging from 0% to 100%. The MIRP alone ( Fig. 1(e) ) was found to contribute significantly to the regression and a regression equation Tc ¼ 24.10 + 52.01 log (MIRP) was developed that accounted for 68% of the variation in Tc reduction (R ¼ 0:822, R 2 ¼ 0:675). Thus, MIRP may be used to provide reasonable estimates of microbial Tc(VII) reduction potential in these sediments if Fe(II) is not present in sufficient quantities to dominate reduction.
Implications for in situ remediation
A comparison of Tc(VII) reduction ( Fig. 1(a) ) with hydraulic conductivity (Fig. 1(c) ) clearly indicates zones and sediment types that might be appropriate for stimulation of microbial Fe reduction to attenuate mobility of oxyanions such as Tc(VII) or CrO 2À 4 [45] . The mobility of these chemical species would likely be limited in zones with either extremely low hydraulic conductivities associated with the finer textured sediments, high Tc reduction potential, or both, e.g., over intervals 485-665 and 835-879 cm (an exception might be in reducing zones in which there was presumptive evidence for the formation of soluble Tc(IV) aqueous complexes e.g., over the interval 393-468 cm ( Fig. 1(a) and (b) ). In contrast, sands exhibiting the lowest Tc reduction (intervals 239-319 and 713-775 cm, Fig. 1(a) ) and highest hydraulic conductivities ( Fig. 1(c) ) might be expected to be primary conduits for oxyanion transport and the focus of remediation efforts. A reservoir of Fe(III) exists at these locations ( Fig. 1(d) ) and the results of MIRP analyses ( Fig. 1(f) ) suggest that targeted delivery of electron donors would stimulate Fe(III) reduction and increase Tc(VII) reduction. However, the quantity of Fe(II) available ( Fig. 1(f) ) for Tc(VII) reduction (Eq.
(1)) would not be sufficient for complete Tc(VII) reduction and direct reduction of Tc(VII) must also play a role if dissimilatory Fe reduction is to be used effectively to create a permeable barrier [46] to Tc(VII) transport. Addition of electron donors resulted in reduction of 12-35% and 1.3-11% of Fe(III) in the upper (239-319 cm) and lower (713-775 cm) zones, respectively ( Fig. 1(d) and (f)), increasing extractable Fe(II) from essentially 0 to 0.4-2.6 lmol g À1 in the sediments in the upper zone and by 0.5-1.3 lmol g À1 in sediments of the lower zone. Assuming all the Fe(II) was available for Tc(VII) reduction and that 3 lmol Fe(II) g À1 would be required to reduce 1 lmol Tc(VII) g À1 , the additional Tc(VII) reduced would range from 11% to )60% of Tc(VII) initially added to the sediments.
Conclusions
The sediments in this aquifer system proved to be non-sufidogenic and exhibited marked vertical heterogeneity in properties influencing Tc(VII) reduction. The reduction of Tc(VII) was controlled by (0.5 M HCl extractable) Fe(II) associated primarily with the clay fraction and to a lesser extent by direct microbial reduction in sediments which did not contain Fe(II) in sufficient concentrations to deliver the three electrons required for each molecule of Tc(VII) reduced. The Fe(II) was largely available for reduction with a factor of 4.3 excess sufficient for complete Tc(VII) reduction (the sediments investigated did not contain Fe(II) in concentrations that would allow evaluation over the Fe(II)/Tc(VII) range of 1-3). The presence of Fe(II) at these levels would likely result in complete immobilization of Tc(VII) as the sparingly soluble Tc(IV) hydrous oxide unless formation of the hydrous oxide was limited by inorganic or organic complexation of soluble Tc(IV). Evidence for the latter occurred in buried peats containing >145 mg organic matter g À1 dry weight. In sediments exhibiting 80-100% Tc(VII) reduction, the Tc(VII) reduction rates generally exceeded those previously measured in vitro for Fe(II) bearing geologic materials or Fe(III) oxides in the presence of Fe reducing organisms and approximated reduction rates measured on biogenic magnetite in the presence of a soluble electron shuttle.
For sediments with Fe(II)/Tc(VII) ratios <1.1, direct microbial reduction of Tc(VII), inferred from Fe(III) reduction potential, may have occurred, accounting for as much as 68% of the variability in Tc(VII) reduction in these sediments. And, in sands exhibiting the highest hydraulic conductivities and lowest Tc reduction rates, addition of organic electron donors increased extractable Fe(II) to levels sufficient to reduce 11-60% of the Tc(VII) initially added. Thus, targeted delivery of electron donors to stimulate the indigenous Fe reducing bacterial population offers potential for mitigating the transport of Tc(VII) and other mobile oxyanions in these types of sediments, but direct (enzymatic) reduction would also be required to achieve complete Tc(VII) reduction and immobilization in zones where Fe(II) production is insufficient to result in complete Tc(VII) reduction. The broad range in physicochemical properties represented by the sediments in this investigation should provide a basis for assessing the feasibility of Tc reductive immobilization in other sediment systems.
